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Fertilization triggers activation of Src-family kinases in eggs of various species including marine invertebrates and lower vertebrates. While
immunofluorescence studies have localized Src-family kinases to the plasma membrane or cortical cytoplasm, no information is available
regarding the extent to which these kinases are activated in different regions of the zygote. The objective of the present study was to detect the
subcellular distribution of activated Src-family kinases in the fertilized zebrafish egg. An antibody specific for the active, non-phosphorylated
form of Src-family PTKs was used to detect these activated kinases by immunofluorescence. The results demonstrate that Fyn, and possibly other
Src family members are activated by dephosphorylation of the C-terminal tyrosine at fertilization. The activated Src-family kinases are
asymmetrically distributed around the egg cortex with an area of higher kinase activity localized adjacent to the micropyle near the presumptive
animal pole. Fertilization initially caused elevation of kinase activity in the cytoplasm underlying the micropyle, but this quickly spread to involve
the entire zygote cortex. Later, during egg activation, formation of the blastodisc involved concentration of active Src-family kinase in the
blastodisc cortex. As cytokinesis began, activated Src-family kinases were no longer limited to the cortex, but became more evenly distributed in
the clear apical cytoplasm of the blastomeres. The results demonstrate that the cortex of the zebrafish egg is functionally differentiated and that
fertilization triggers localized activation of Src-family kinases at the point of sperm entry, which subsequently progresses through the entire egg
cortex.
© 2006 Elsevier Inc. All rights reserved.Keywords: Fertilization; Zebrafish; Src; Fyn; Protein kinaseIntroduction
Fertilization triggers a series of preprogrammed biochemical
steps in the egg which function to establish a block to
polyspermy, activate egg metabolism, and initiate development.
The signal transduction pathway activated in eggs of inverte-
brate and lower vertebrate species involves one or more Src-
family protein tyrosine kinases (PTKs) (reviewed in (Runft et
al., 2002; Sato et al., 2000a,b)). Src-family PTK activity is
thought to be required at several points during the egg activation
process. Studies using dominant-negative constructs or exog-
enous kinases have demonstrated that Src-family PTK activa-
tion is required to trigger the sperm-induced calcium transient in⁎ Corresponding author. Fax: +1 913 588 2710.
E-mail address: wkinsey@kumc.edu (W.H. Kinsey).
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doi:10.1016/j.ydbio.2006.03.041invertebrates such as the starfish (Giusti et al., 1999; Shilling et
al., 1994) and sea urchin (Abassi et al., 2000; Giusti et al., 2003;
Kinsey and Shen, 2000) as well as lower vertebrates such as the
frog (Sato et al., 1999, 2000a,b) and zebrafish (Kinsey et al.,
2003; Wu and Kinsey, 2001). Functional studies using chemical
inhibitors demonstrated a role of PTKs in pronuclear migration
and initiation of DNA synthesis (Glahn et al., 1999; Moore and
Kinsey, 1995; Shen et al., 1999; Wright and Schatten, 1995).
The potential role of Src-family PTKs in other aspects of egg
activation has been highlighted by the recent demonstration that
a Src-family PTK in the Xenopus oocyte phosphorylates
uroplakin III a molecule potentially involved in egg activation
(Sakakibara et al., 2005). Previous studies have demonstrated
that Src-family PTKs are localized to the membrane compart-
ments of eggs including plasma membrane microdomains
(Belton et al., 2001; Kinsey, 1996; Sato et al., 2002; Wu and
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that Src-family PTKs were distributed more or less evenly
around the cortex of the eggs which have been investigated
(Sato et al., 1999; Talmor et al., 1998; Talmor-Cohen et al.,
2004a,b). However, the spatial characteristics of the activation
of Src-family PTKs in fertilized eggs has not been determined.
This question has special significance to fertilization which
involves a highly localized stimulus at the point of sperm
contact. Possible scenarios vary from a limited, highly localized
activation at the point of sperm contact to a uniform, global
activation in the plasma membrane or cortical membrane
compartments. The zebrafish fertilization system has advan-
tages that make it an optimal system to detect localized changes
in kinase activity during egg activation. One advantage is that
sperm–egg contact occurs only at the micropyle, an opening in
the chorion designed to admit sperm. A second advantage is that
fertilization occurs synchronously in this species under in vitro
conditions so the time of sperm penetration can be established
within seconds.
Src-family PTKs are initially activated by one or more
specific phosphatases that remove [PO4] from the C-terminal
negative regulatory tyrosine at position 530 (Superti-Furga and
Courtneidge, 1995), a pathway that been shown to occur at
fertilization (Wu and Kinsey, 2002). The development of
phosphorylation site-specific antibodies directed against the
activated (dephosphorylated) C-terminal regulatory region of
Src has provided a highly sensitive way to detect activated Src
family kinases (Kawakatsu et al., 1996). This monoclonal
antibody recognizes the QYQPG sequence flanking Tyr 530
which is also present in the zebrafish Fyn kinase (Sharma et al.,
2005) and is highly conserved among Src, Fyn, and Yes in
mammals. Therefore, this antibody can detect the activated form
of all three kinases and possibly others (Wu et al., 2000).
In the present study, we have used the above phosphorylation
site-specific antibody directed against the active (dephosphory-
lated) form of SFKs to detect the presence of activated kinases
in different regions of the zebrafish egg before and after
fertilization. The results demonstrated that active SFKs were
unevenly distributed around the cortex of the unfertilized egg
with a concentration of active kinases observed adjacent to the
micropyle, an area which probably represents the animal pole.
Fertilization triggered progressive activation of SFKs first in the
cortical cytoplasm underlying the micropyle and presumptive
animal pole, and then in the entire egg cortex. Formation of the
blastodisc and cleavage furrow was also associated with
concentrations of active kinase.
In summary, these morphological observations revealed that
the distribution of activated Src-family PTKs is polarized in the
zebrafish egg cortex and activation of these kinases at
fertilization is propagated from the point of sperm entry.
Materials and methods
Buffers
Fixative: Na2HPO4, 50 mM; sucrose, 4% wt/vol; paraformaldehyde, 4% wt/
vol, phenylarsine oxide, 40 μM; pH 7.2. Glycine blocking solution; NaH2PO4,
50 mM; glycine, 10 mM; sucrose, 4% wt/vol; NP40, 0.5% vol/vol; goat serumblocking solution was identical to glycine blocking solution except that goat
serum, 2% vol/vol replaced the glycine; Immunoprecipitation buffer: NaCl,
150 mM; Tris, 10 mM; EDTA, 1 mM EGTA, 1 mM; Na3VO4, 100 μM; NaN3,
100 μg/ml; 2-mercaptoethanol, 1 mM; aprotinin, 100 μg/ml; phenylarsine oxide,
40 μM; NP40, 1% vol/vol. pH 7.2; TKM buffer: Tris, 50 mM; KCl, 25 mM;
MgCl2, 5 mM; EGTA, 1 mM; NaN3, 100 μg/ml; 2-mercaptoethanol, 1 mM; pH
7.5. TTBS: Tris, 50 mM; NaCl, 150 mM; Tween-20 0.1%, pH 7.5.
Embryos
Oocytes were collected from mature Danio rerio and maintained in Hank's
BSA buffer at 28°C, while sperm were maintained on ice in sperm extender
solution (Lee et al., 1999). Fertilization was accomplished by mixing the sperm
(5 μl) with the eggs, then activating the sperm by addition of 2.5 ml of aquarium
water.
Immunofluorescence microscopy
Zebrafish eggs, and zygotes were fixed for immunofluorescence in a
formaldehyde fixative containing the irreversible phosphatase inhibitor
phenylarsine oxide to prevent dephosphorylation of SFKs during the
immunostaining process. Phenylarsine oxide was present during all
manipulations of eggs up to the actual microscopy when it was replaced
with sodium ortho-vanadate which was less likely to interact with UV light.
Fixation was carried out overnight at 4°C, then the eggs were washed into
phosphate buffered saline (PBS) and pronase 0.5% wt/vol (Calbiochem, San
Diego, CA) for 6 min at 25°C to permeabilize the chorion. Zygotes fixed
more than 2 min post-insemination also required manual dissection of the
then hardened chorion. Fixed eggs were permeabilized with glycine blocking
solution containing 0.5% NP40 for 1 h at 25°C, then washed into goat serum
blocking buffer for at least 2 h Antibody dilutions were made in goat serum
blocking buffer and eggs were incubated overnight at 4°C. Secondary
antibodies were applied after four washings with goat serum blocking buffer
and eggs were incubated with the secondary antibody for 90 min at 25°C.
The primary antibody used to detect activated Src-family PTKs by
immunofluorescence was the mouse monoclonal (clone 28, (cat. #AHO
0051, Biosource International. Camarillo, CA)) which was used to stain
whole mount eggs at a concentration of 2.5 μg/ml. The secondary antibody
was goat-anti-mouse IgG-Alexa-fluor 488 (In Vitrogen, Carlsbad, CA). The
eggs were then monitored by confocal fluorescence microscopy on a Nikon
TE2000U microscope using a 488-nm Spectra Physics (Mountainview, CA)
laser and a 4× or 20× super fluor objective with pinhole settings set to obtain
a theoretical 24 μm optical section.
Immunoprecipitation and Western blot analysis
Eggs or zygotes (20 eggs or embryos) were washed in TKM buffer to
remove unbound sperm, then homogenized in 0.5 ml of TKM buffer and
centrifuged at 100,000 × g for 1 h to form a particulate fraction. The particulate
fraction was solubilized by homogenization in ten volumes of immunoprecip-
itation buffer followed by centrifugation at 10,000 × g for 10 min. The soluble
extract was incubated with anti-Fyn-3 antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) at 0.2 μg/ml for 4 h at 4°C. The immune complexes were
collected by incubation with 25 μl of a 10% suspension of Protein A-agarose,
then washed three times in immunoprecipitation buffer. The immunoprecipitates
were resolved by SDS-PAGE on a 10% gel, blotted to immobilon-P, and blocked
with 5% casein (BioRad) in TTBS containing 100 μM phenylarsine oxide and
100 μM Na3VO4.Results
Detection of active SFKs in zebrafish eggs by Western blot
The clone-28 antibody has been used in a number of cell
types to detect Src-family PTKs which have been activated by
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can be used to establish the mechanism by which the kinase
is activated (dephosphorylation) and to localize the activated
kinase in cells. In order to determine whether the antibody
could detect activated SFKs in the zebrafish egg, we
performed Western blot analysis on the particulate fraction
of unfertilized eggs (Fig. 1 (UF) and zygotes collected at
2.5 min post-insemination (Fig. 1 (F)). Particular care was
taken to include the PTPase inhibitor phenylarsine oxide
during preparation and blotting of the samples to prevent
artifactual dephosphorylation which would produce an
artificially high level of kinase in the dephosphorylated
configuration. The clone 28 antibody bound a closely spaced
doublet at 59 and 62 kDa, an electrophoretic mobility typical
of Src-family PTKs. An identical blot probed with control
mouse IgG (Fig. 1 (Ctrl)) demonstrated that the clone 28
antibody binding was specific. To confirm that the labeled
bands included Src-family PTKs, we also performed blots of
c-Fyn immunoprecipitated from an identical number of eggs
and zygotes (Fig. 1 (Fyn ippt.)). The clone 28 antibody
detected the 59-kDa Fyn protein in these immunoprecipitates,
but the 62-kDa band was not present indicating that it
represents another Src-family member. This demonstrates that
clone 28 can detect the 59-kDa Fyn kinase, and possibly
other kinases of similar electrophoretic mobility. The 62-kDa
band could represent the c-Yes kinase which is slightly larger
than Fyn, but clone 28 antibody did not detect any bands in
immunoprecipitates of Yes kinase using an antibody against
zebrafish Yes (Tsai et al., 2005). The 62-kDa band could also
represent a hyperphosphorylated form of Src-family kinases
previously not characterized. Fig. 1 also demonstrated that
the relative amount of active, dephosphorylated SFKs
increased substantially after fertilization as has been previ-
ously demonstrated through the use of in vitro kinase assaysFig. 1. Detection of Active SFKs in zebrafish eggs and zygotes. Particulate fraction
2.5 min after fertilization (F). Aliquots were either used directly for western blot or u
Cruz Biotechnology, Santa Cruz, CA) directed against the N-terminus of Fyn kinase (
28) or with normal mouse IgG as a control (Ctrl). Aliquots of the same samples wer
phosphorylated C-terminal tyrosine ([pY]530) obtained from Biosource International
IgG or goat anti-rabbit IgG coupled to horseradish peroxidase and visualized by che(Kinsey et al., 2003). This mechanism was confirmed by
probing the same samples with an antibody against the
phosphorylated C-terminal tyrosine of Src family PTKS (Fig.
1, [pY]-530). The fact that binding of the antibody to the
phosphorylated tyrosine ([pY]-530) declined while binding of
the antibody to the dephosphorylated tyrosine (clone 28)
increased, demonstrated that fertilization triggers dephospho-
rylation of this C-terminal regulatory tyrosine.
Detection of activated SFKs by immunofluorescence
In order to detect active SFKs by immunofluorescence, eggs
or zygotes were fixed in a formalin fixative supplemented with
phosphatase inhibitors. Since the chorion represents a barrier to
diffusion of macromolecules, it was necessary to remove the
chorion by proteolysis and microdissection so that the
antibodies had access to the egg cytoplasm. After the chorion
was removed, the eggs were permeabilized with nonionic
detergent to increase antibody access. Analysis of unfertilized
zebrafish eggs labeled with the clone 28 antibody revealed that
active SFKs were highly enriched in the egg cortex and barely
detectable in the central cytoplasm (Fig. 2). The highest
intensity of clone 28 staining was localized to the thin rim of
relatively clear cortical cytoplasm which overlies the yolk-rich
central region. The low level of staining in the central cytoplasm
was not due to limited access of the antibody as demonstrated
by examination of eggs that were cut with a scalpel prior to
immunolabeling as exemplified in Fig. 2. The intensity of clone-
28 staining around the periphery of the entire egg was not
uniform, (Fig. 3A), a feature that was confirmed by rotating eggs
under the microscope with a needle. In over 90% of the eggs
examined, the cortical cytoplasm underlying the micropyle (Fig.
3 arrows) exhibited very little active kinase, while a region of
cortex adjacent to the micropyle (left of the micropyle in Fig. 3)s were prepared from samples of 20 unfertilized eggs (UF) or zygotes collected
sed for immunoprecipitation of Fyn kinase with the anti-Fyn-3 antibody (Santa
Fyn-ippt). The blots were incubated with the clone 28 antibody at 1 μg/ml (clone
e analyzed separately and probed with an affinity purified rabbit antibody to the
, Camerillo, CA (#44–912). Bound antibody was detected with goat anti-mouse
miluminescence.
Fig. 2. Detection of active SFKs in the unfertilized egg. Unfertilized eggs were
fixed as described in Materials and methods, treated with pronase and the
chorion removed, then cut in half with a scalpel. The samples were then blocked,
permeabilized and incubated with the clone 28 antibody (A) or control mouse
IgG (B) at 2.5 μg/ml followed by Alexa Fluor 488-anti-mouse IgG. Samples
were imaged by confocal fluorescence (above) or by transmitted light (below).
The cut surfaces of the eggs are indicated by the small arrows. Magnification is
indicated by the bar which represents 100 μm.
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The highly fluorescent region adjacent to the micropyle seemed
to be of normal thickness and did not reveal any specialized
structures (Figs. 3B, C), although it did seem to corresponded to
the approximate location of the animal pole. The animal pole in
zebrafish eggs is located adjacent to a shallow depression in the
egg cortex which includes the smaller, funnel shaped micropyle.
The term “animal pole” is a functional definition and while the
region could not be positively identified until 20 to 30 min post-
insemination when the blastodisc began to form, the region of
enriched kinase activity was continuously present and became
more intense once the blastodisc was identifiable (see below).
Since the patch of activated kinase corresponded to the animal
pole once it was identifiable, we presume that it marked theFig. 3. Localization of active Src-family PTKs in the unfertilized egg. An unfertilize
objective to demonstrate the entire egg periphery (A) and at higher magnification to
micropyle itself was removed with the chorion by proteolysis and dissection. Magnanimal pole prior to fertilization. However, it is possible that the
pool of activated kinase is free to move independently of the
animal pole. In any case, these results indicate that the
distribution of active Src-family PTKs in the cortex of an
unfertilized egg was polarized, and that a region near the
presumptive animal pole exhibited the highest activity and the
area underlying the micropyle exhibited the least activity.
Effect of fertilization on the distribution of activated SFKs
Biochemical analysis has demonstrated that fertilization
triggers activation of SFKs in eggs of marine invertebrates,
frogs, and zebrafish (Runft et al., 2002). In order to visualize the
subcellular distribution of these active kinases, we prepared
samples for immunofluorescence analysis before and at
different times after fertilization. Samples included over twenty
eggs or zygotes at each stage of egg activation and were
collected from approximately fifty different females as part of
three replicate experiments. In order to monitor changes in
fluorescence intensity during egg activation, it was necessary to
remove the chorion by microdissection to ensure consistent
antibody access. As seen at low magnification in Fig. 4,
fertilization triggered rapid activation of Src-family PTKs
through the cortical cytoplasm underlying the micropylar region
and the animal pole (Figs. 4A, B). Kinase activation progressed
toward the vegetal pole and, by 8 min post-insemination, the
entire egg cortex exhibited elevated Src-family kinase activity
(Figs. 4C, D). Examination at higher magnification demon-
strated that the intensity of antibody labeling under the
micropylar region was originally very low but increased
abruptly within 30 s of fertilization (Fig. 5). The progressive
activation of kinase activity seemed to originate from the
micropylar region raising the possibility that this event might
have been initiated by contact or fusion with the fertilizing
sperm.
In order to relate changes in kinase activation to the position
of the fertilizing sperm, it was necessary to leave the chorion in
place since its removal by microdissection usually dislodged the
fertilizing sperm. Therefore, we used pronase to permeabilize
the chorion and allow antibody access but did not dissect the
chorion away. This method was better suited to visualization of
the pattern of immunofluorescence than for comparison ofd egg labeled with the clone 28 antibody as in Fig. 2 was visualized with a 4×
show more detail (B, C). The arrows indicate the micropylar region while the
ification is indicated by the bar which represents 100 μm.
Fig. 4. Effect of fertilization on the distribution of active Src-family PTKs in the zebrafish egg. Eggs were fixed before (A), and at 30 s (B), 2.5 min (C), and 8 min (D)
after insemination and the chorion was removed by dissection after protease treatment to ensure complete access for immunostaining. The eggs were immunolabeled
with the clone 28 antibody as described in Fig. 2. Conditions of illumination and signal amplification in the fluorescence channel were maintained at a constant level to
allow comparison of immunofluorescence intensity from egg to egg. Eggs were oriented with the animal pole toward the top and the micropylar region is indicated by
arrows. Magnification is indicated by the bar which represents 100 μm.
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fertilization, the micropyle appeared as a funnel-like depression
in the chorion that extended into a region of yolk-free cortical
cytoplasm (Fig. 6). The intensity of clone-28 immunofluores-
cence in the vicinity of the micropyle was consistently lower
than in the adjacent cortical cytoplasm, though it was still
detectable. Upon fertilization, the fertilizing sperm could be
detected in the cortical cytoplasm underlying the micropyle
where it appeared as a blue dot due to DAPI staining (white
arrows). During this period, the intensity of clone-28 immuno-
fluorescence under the micropyle increased in a diffuse area
around the fertilizing sperm. By 60 s, post-insemination, the
intensity of clone 28 immunofluorescence in the clear
cytoplasm underlying the micropyle had increased further. In
addition, fluorescence also became concentrated as a layer in
the cortex deep to the layer of filamentous actin (Hart and
Collins, 1991; Hart and Donovan, 1983; Hart and Fluck, 1995)
which was visualized with Alexa Fluor 568-phalloidin (red).
After the first minute, the region of more intense clone 28
immunofluorescence began to expand laterally as seen in Figs. 4
and 5 above.
Changes in Src-family PTK activity during late egg activation
The later stages of egg activation in zebrafish include
extensive redistribution of cytoplasm to form the blastodisc as
well as cell cycle events associated with the initiation of mitosis.
As seen above, the area of intense clone 28 immunofluores-
cence in the zygote cortex progressively increased from the
animal pole to the vegetal pole during the first few minutes after
fertilization. Fluorescence intensity appeared to reach amaximum at 8 to 10 min post-insemination, then decreased
somewhat between 8 and 20 min after insemination (Fig. 7A).
This pattern resembled previous results obtained by biochem-
ical analysis of PTK activity (Kinsey et al., 2003; Wu and
Kinsey, 2001). The blastodisc formed as clear cytoplasm
streamed toward the animal pole at approximately 35–40 min
post-insemination. The blastodisc is apparent in Fig. 7B as a
blister-like accumulation of clear cytoplasm indicated by the
arrows. Clone-28 immunofluorescence became concentrated in
the cortex of the blastodisc and was less intense over the rest of
the zygote (Fig. 7B). Interestingly, no changes in SFK activity
were observed in areas of cytoplasmic streaming which are
responsible for formation of the blastodisc (Leung et al., 1998,
2000). Cytokinesis began approximately 50 min post-insemi-
nation and, as seen in Fig. 7C, the distribution of clone 28
immunofluorescence was no longer restricted to the cortical
cytoplasm and became distributed into the clear cytoplasm near
the apex of the newly forming blastomeres.
Response of the egg to hypotonic activation
The unfertilized zebrafish egg is normally maintained in an
iso-osmotic environment in the female oviduct and, when
exposed to a hypotonic environment upon spawning, it becomes
activated by the hypotonic conditions. This activation process
normally occurs over 30 to 45 s and sperm must fertilize the egg
during this period or the micropyle will be obstructed by
glycoproteins in the perivitelline space. Hypotonic activation
triggers a calcium transient that appears to mimic that induced at
fertilization and results in apparently normal blastodisc
expansion (Lee et al., 1999; Webb and Miller, 2000) although
Fig. 5. Effect of fertilization on the distribution of active Src-family PTKs at the animal pole. Eggs were fixed before (A) and at 30 s (B), 1.0 min (C), 2.5 min (D), and 8 min (E) after insemination and the chorion was
removed by dissection after protease treatment to ensure complete access for immunostaining. The eggs were immunolabeled with the clone 28 antibody as described in Fig. 2. Conditions of illumination and signal
amplification in the fluorescence channel were maintained at a constant level to allow comparison of immunofluorescence intensity. Arrows indicate the position of the micropylar region and magnification is indicated by
the bar, which represents 100 μm.
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Fig. 6. Effect of Fertilization on the distribution of active Src-family PTKs near the point of sperm entry. Eggs were fixed before and at 30 s or 60 s post-insemination.
The chorion was permeabilized by proteolysis but not removed so that the micropyle could be accurately visualized. Eggs were immunolabeled with the clone 28
antibody to detect active Src-family PTKs followed by goat anti-mouse Alexa 488 (green). Sperm chromatin was labeled with DAPI (blue) and in some cases, actin
was detected by binding of Alexa Fluor 568-phalloidin (red). Conditions of illumination and fluorescent signal amplification were adjusted to optimize visualization of
the pattern of immunofluorescence and are not intended for comparison of the intensity of immunofluorescence. All eggs were oriented with the micropyle (black
arrows) toward the top of each panel. The sperm head, stained with DAPI, is indicated by a white arrow. Magnification is indicated by the bar which represents 100 μm.
610 D. Sharma, W.H. Kinsey / Developmental Biology 295 (2006) 604–614subsequent development is arrested. Since hypotonic activation
mimics some aspects of fertilization, it is important to determine
whether biochemical activation also occurs without a fertilizing
sperm. Biochemical analysis demonstrated previously that Fyn
kinase is not fully activated by hypotonic activation (Wu andFig. 7. Localization of Active SFKs between 20 and 50 min of development. Egg
Immunolabeling with the clone 28 antibody was performed after chorion removal as
fluorescence channel were maintained at a constant level to allow comparison of imm
upper left. The animal pole in panel (C) is oriented toward the upper right. MagnifiKinsey, 2001). In order to evaluate the effect of hypotonic
treatment on the spatial pattern of SFK activation as visualized
by clone 28 immunostaining, we compared eggs fertilized with
sperm to those activated by water only. The results in Fig.
8 show that the response to activation by sperm (A–C) wass were fixed at 20 min (A), 40 min (B), and 50 min (C) after insemination.
described for Fig. 2. Conditions of illumination and signal amplification in the
unofluorescence intensity. The animal pole in panels (A and B) is oriented to the
cation is indicated by the bar which represents 100 μM.
Fig. 8. Response to activation by sperm or hypotonic conditions. Eggs were fixed for immunofluorescence analysis before (UF) or at 60 s, 2.5 min, or 8 min after
activation by sperm and water (+sperm) or water alone (+water). Immunolabeling with the clone 28 antibody was performed after chorion removal and conditions of
illumination and signal amplification in the fluorescence channel were maintained at a constant level to allow comparison of immunofluorescence intensity. All
zygotes were oriented with the animal pole toward the top of each panel. Magnification is indicated by the bar, which represents 100 μM.
611D. Sharma, W.H. Kinsey / Developmental Biology 295 (2006) 604–614greater than that to water only (D–F) during the first 8 min post-
insemination. This indicates that the sperm delivers unique
signals to the egg that are not fully duplicated by hypo-osmotic
activation.
Discussion
Biochemical methods used to quantitate Src-family kinase
activity have several advantages including ease of quantitation
and the possibility of discriminating among Src-family PTK
members. However, this type of analysis provides limited
information as to the part of a cell that is involved in a particular
signal transduction event. For example, biochemical analysis of
eggs, from several species has demonstrated that fertilization
triggers activation of Src-family PTKs that fractionate in the
membrane compartment (Kinsey, 1984; Wu and Kinsey, 2001)
and, in some cases, to microdomains in the egg plasma
membrane (Belton et al., 2001; Sato et al., 2002). The advent of
highly specific antibodies that recognize the C-terminal
regulatory phosphorylation site of Src-family PTKs has
provided a method to study the relative activation state of
these kinases by immunofluorescence. The clone 28 antibody
used in this study has also been used to demonstrate highly
localized changes in Src-family PTK activity in tissues ranging
from kidney, peripheral nerve, endometrium, and various
cancers (Takikita-Suzuki et al., 2003; Zhao et al., 2003; Ito et
al., 2002; Yamada et al., 2000, 2002). One limitation is that,
since the sequence of amino acids flanking the C-terminal
tyrosine is highly conserved among Src-family members, this
antibody cannot differentiate among the different family
members. However, only a limited number of Src-familyPTKs have been detected in eggs of different species. For
example, in starfish oocytes, three Src family PTKs are
expressed and are activated with different kinetics, but only
two are required for calcium signaling at fertilization (O'Neill et
al., 2004). In mouse oocytes, only Fyn, and Yes PTKs were
found to be expressed at high levels (Mehlmann and Jaffe,
2005), while Fyn, Yes, and Src were detected in rat oocytes
(Talmor-Cohen et al., 2004a,b). In zebrafish eggs, we have
detected Fyn (Wu and Kinsey, 2001) and Yes kinases (Tsai et
al., 2005), but have been unable to detect Src, Fgr, and Hck
proteins by Western blot or immune complex assays using
antibodies directed against the mammalian homologs (unpub-
lished). Therefore, the kinases detected by the clone 28 antibody
in the zebrafish egg probably include Fyn and Yes although
other Src family PTKs may contribute to our results.
Our present findings indicate that Src-family PTKs are
highly enriched in the cortical region of the zebrafish egg. This
appeared to involve not only the plasma membrane but also the
thin layer of clear cytoplasm deep to the plasma membrane.
Since we have previously found that Fyn and Yes kinases are
mostly bound to membranous subcellular fractions of the
zebrafish egg, it is likely that these kinases are located in the
plasma membrane and the cortical endoplasmic reticulum. The
distribution of active Src-family PTKs was not uniform around
the egg periphery, with one half to two thirds of the egg
periphery usually exhibiting slightly higher activity than the
other. However, the region that consistently exhibited the
highest concentration of active Src-family PTKs was at or near
the presumptive animal pole and adjacent to the micropyle. The
micropylar region where the fertilizing sperm would make first
contact had barely detectable levels of active SFKs. Together,
612 D. Sharma, W.H. Kinsey / Developmental Biology 295 (2006) 604–614these observations demonstrate that the polarized nature of the
zebrafish egg is reflected even in the signal transduction
machinery involving Src-family PTKs.
Fertilization triggered activation of Src-family PTKs in most
species where it has been examined biochemically (Kinsey,
1996; Runft et al., 2002; Sato et al., 2000a,b). In zebrafish eggs,
elevated Src-family PTK activity was detected biochemically as
early as 30 s post-insemination, and increased four to five fold
over the first 8 min (Kinsey et al., 2003). This period of egg
activation involved multiple changes in the egg that are required
for sperm egg adhesion and fusion (5 s post-insemination),
sperm incorporation (5–10 s post-insemination), the cortical
reaction (36 s post-insemination), and meiosis II resumption
(10 min post-insemination) which have been elegantly
described (Hart and Yu, 1980; Wolenski and Hart, 1987; Hart,
1990). It was therefore of interest to determine which compart-
ment(s) of the egg exhibited increased kinase activity and
whether activation occurred uniformly across the egg or prog-
ressively from the site of sperm contact. Our immunofluores-
cence results indicate that the initial response of Src-family PTK
activation occurred in a diffuse region of the cortical cytoplasm
immediately underlying the micropyle. This activation process
was apparent as early as 30 s post-insemination. The region of
elevated Src-family PTK activity then became restricted to the
deeper cortical cytoplasm associated with the actin-rich cortical
cytoskeleton and spread peripherally to involve the rest of the
egg cortex.
While immunofluorescence intensity is subject to many
variables, the apparent activity of active Src-family PTKs
detected in this study changed in a manner similar to that
reported from biochemical studies (Kinsey et al., 2003; Wu and
Kinsey, 2001) in that it reached a maximum approximately
8 min post-insemination and declined to a minimum at about
20 min post-insemination. Formation of the blastodisc resulted
in a second phase of elevated kinase activity and in
concentration of the active Src-family PTKs to the blastodisc
cortex. No changes in activity were associated with the
extensive cytoplasmic streaming mechanism that produced the
blastodisc. Cytokinesis was associated with a change in the
distribution of active Src-family PTKs such that immunofluo-
rescence was distributed deeper into the cytoplasm adjacent to
the cleavage plane and was not restricted to the thin cortical
layer.
The data reported here provide visual demonstration of
several important aspects of egg biology. First is the polarized
nature of the signal transduction mechanism in the zebrafish
egg. It has been known for some time that eggs from some
invertebrate and vertebrate species are polarized morpholog-
ically and functionally (Albertini and Barrio, 2004) particularly
in respect to the distribution of molecules involved in later
embryonic development. We have recently shown that Fyn
kinase is required for epiboly which begins 5 h after
fertilization in zebrafish, so the availability of a pool of Src
family PTKs at the animal pole would facilitate this process.
However, this would not explain why this pool of kinase at the
animal pole would be active even in the unfertilized egg. It
seems more likely that the pool of active Src family kinase atthe animal pole indicates a function either in maintaining
overall animal–vegetal polarity or in precisely marking the
region in which the blastodisc will form. Our results add an
important component to the list of signaling molecules which
respond to the fertilizing sperm and may play other important
roles later in development. A second important observation
was the fact that the activation of Src-family PTK activity was
initiated at the point of sperm incorporation, then extended into
the deeper cortical cytoplasm and laterally to encompass the
entire zygote. Prior to fertilization, cortical cytoplasm
underlying the micropyle appears specialized in that it is
relatively free of yolk and contains a filamentous actin
meshwork which forms a network around the sperm head
(Hart et al., 1992). This region of yolk-free cytoplasm
exhibited very low Src family PTK activity before fertilization,
but was the first region to respond to the fertilizing sperm via
increased Src family kinase activity. The function of this early
burst of Src family kinase activity in the micropylar region
could relate to initiation of calcium signaling or it could act as
a trigger for the large scale kinase activation that follows. It is
less likely to be involved with sperm incorporation since PTK
inhibitor studies performed in eggs from different species
(Kinsey, 1997) and in zebrafish (Kinsey, unpublished observa-
tions), did not reveal defects in sperm incorporation. The
mechanism of this initial kinase activation step clearly
involved dephosphorylation of the C-terminal tyrosine since
binding of the clone 28 antibody requires dephosphorylation,
but while rPTPα has been implicated in this process at the
level of the entire egg (Wu and Kinsey, 2002), the initial
trigger for this highly localized event remains unclear.
Perhaps, the most interesting observation resulting from
these studies is the fact that activation of Src-family PTKs was
propagated from the initial point of sperm–egg contact to
involve the entire cortex of the zygote. Prior to this observation,
we expected that sperm–egg contact would trigger only
localized activation of SFKs which would stimulate a self-
propagating wave of PLCγ-mediated calcium release to activate
the egg (in non-mammals). The present study is the first
demonstration that Src-family PTK activity can be amplified
from an initial, localized stimulus in eggs. Clearly, the
progressive activation of Src-family PTKs across the egg cortex
raises the question of how this rapid and unique biochemical
amplification is accomplished. The propagated activation of Src
kinase activity has recently been described in cultured
endothelial cells triggered by mechanical stimulation of
integrin–cytoskeleton complexes (Wang et al., 2005). The
reported activation wave was thought to be transmitted by
tension applied through the cortical actin network. A similar
mechanism is possible in the zebrafish egg since fertilization
does trigger a series of three or four contractions during the first
10 min post-insemination. However, other potential mechan-
isms could involve a positive feedback loop in which increased
kinase activity in one region could result in diffusion of a
soluble phosphorylated protein that would trigger activation of
Src family PTKs in the adjacent cytoplasm. Future studies will
hopefully identify a mechanism by which kinase activity could
be propagated through the zygote cortex.
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